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FOREWORD
This report was prepared by the National Bureau of Stan-
dards, Institute for Basic Standards, United States Department of
Commerce under Contract C-35560-A. The contract was adminis-
tered by the Lewis Research Center of the National Aeronautics and
Space Administration, Cleveland, Ohio. The work summarized in
this report was performed during the period 15 July 1964 to 15
December 1967. The NASA project manager for the Contract was
Mr. Werner R. Britsch. Mess'rs. R. S. Ruggeri, T. F. Gelder,
and R. D. Moore of the Fluid Systems Components Division at
NASA Lewis Research Center---under the direction of M. J. Hart-
mann---served as research consultants and technical advisers
during the course of this program.
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THERMODYNAMIC DEPRESSIONS WITHIN CAVITIES AND
CAVITATION INCEPTION IN LIQUID HYDROGEN AND LIQUID NITROGEN
J. Hord, D. K. Edmonds, and D. R. Millhiser
ABSTRACT
Cavitation characteristics of liquid hydrogen and liquid nitrogen
in a transparent plastic venturi have been determined. The experimental
data are presented in tabular and graphical form. Conventional cavitation-
inception-parameter and head-velocity curves are given over the range
of experimental temperatures (36. 5 to 41°R for hydrogen and 140 to 170°R
for nitrogen) and inlet velocities (70 to 185 ft/sec for hydrogen and 20 to
70 ft/sec for nitrogen). Minimum local wallpressure at incipience was
calculatedlto be less than bulkstream vapor pressure by as much as 328
feet of hydrogen head and 63 feet of nitrogen head in some inception tests.
Thermodynamic data, consisting of pressure and temperature
measurements within fully developed cavities, are also given. Minimum
1
measured cavity pressure was less than bulkstream vapor pressure by
as much as 651 feet of hydrogen head and 44 feet of nitrogen head; mea-
sured temperatures and pressures within the cavities were generally not
in thermodynamic equilibrium. At constant bulkstream temperature,
cavity pressure depressions increased with increasing velocities and
cavity length. For fixed velocities, cavity pressure depressions in-
creased with increasing fluid temperature and cavity length. Existing
theory is used to obtain equations which correlate the experimental data
for developed cavitation in liquid hydrogen and liquid nitrogen.
1 - Variations in test conditions preclude direct comparison of minimum
calculated (at incipience) and minimum measured pressure depressions.
ix
1. Introduction
Cavitation is usually defined as the formation, caused by a reduc-
tion in pressure, of a vapor phase within a flowing liquid or at the
interface between a liquid and a solid. Since the formation and collapse
of vapor cavities alters flow patterns, cavitation may reduce the efficiency
of pumping machinery [ 1], and reduce the precision of flow measuring
devices. Collapse of these vapor cavities can also cause serious erosion
damage [ 2] to fluid-handling equipment. While the noncavitating per-
formance of hydraulic equipment may be predicted from established
similarity laws, cavitating performance can seldom be predicted from
fluid-to-fluid. The effects of fluid properties on cavitation performance
are well recognized [3-12] and require more understanding to develop
improved similarity relations [ 13] for equipment design.
NASA has undertaken a program [ 1] to determine various cavita-
tion characteristics and the thermodynamic behavior of different fluids
in an effort to obtain improved design criteria to aid in the prediction
of cavitating pump performance. The experimental study described
herein was conducted in support of this program.
Liquid hydrogen and liquid nitrogen were chosen as test fluids for
this study for the following reasons: (1) the ultimate goal of this pro-
gram is to acquire sufficient knowledge to permit intelligent design of
pumps for near-boiling liquids and (2) predictive analyses indicated [ 1]
that the physical properties of hydrogen and nitrogen make them par-
ticularly desirable test fluids. The objective of this study was to deter-
mine the flow and thermodynamic conditions required to induce incipient
and developed cavitation on the walls of a transparent plastic venturi
using liquid hydrogen and liquid nitrogen. The shape of the venturi
was chosen to duplicate the test section used by NASA [ 13-17] . In
the inception studies, the test section inlet velocity was varied from
70 to 185 ft/sec with hydrogen and from 20 to 70 ft/sec with nitrogen.
Inlet temperatures were varied from 36. 5 to 41°R with hydrogen and
from 140 to 170°R with nitrogen, in order to determine the effects of
temperature upon cavitation inception. Both incipient and desinent
cavitation data were acquired with no noticeable hysteresis; i.e., the
flow conditions corresponding to vapor inception are identical whether
the data point is approached from non-cavitating or fully developed
cavitating flow. In this paper, incipience refers to the appearance
of barely visible cavities, whether they be due to incipient or desi-
nent cavitation.
Pressure and temperature profiles within fully developed
cavities were measured and are referred to herein as thermodynamic
data. Nominal cavity lengths studied were I. 25, 2, and 3. 25 inches
with liquid hydrogen and 3.25 inches with liquid nitrogen. Venturi
inlet velocities were varied from II0 to ZOO ft/sec in hydrogen and
from 35 to 75 ft/sec in nitrogen. Inlet temperatures ranged from
36. 5 to 4Z. 5°R in hydrogen and from 140 to 160°R in nitrogen. Since
the bulkstream vapor pressure exceeds the measured cavity pressure
and the saturation pressure corresponding to the measured cavity
temperature, the measured pressure and temperature depressions
within the cavity are appropriately called "thermodynamic depres-
sions." A similarity equation has been suggested [ 13] for corre-
lating cavitation data for a particular test item from fluid to fluid; this
correlation is also useful in extending the velocity and temperature
range of data for any given fluid. The experimental data from this study
have been used to evaluate the exponents on various terms in this corre-
lating equation.
All data reported here are intended to supplement that given in
references [13-17] for a geometrically similar, but 1.414 times as
large, test section.
2. Apparatus
The facility used for this study consisted of a blow-down system
with the test section located between the supply and receiver dewars;
see figure 2.1. Dewars and piping were vacuum shielded to minimize
heat transfer to the test fluid. Flow control was attained by regulating
the supply and receiver dewar pressures. Pressure and volume capaci-
ties of the supply and receiver vessels are indicated on figure 2.1. The
receiver dewar pressure control valving limited the inlet velocity, V ,
o
to around 200 ft/sec in hydrogen, while the supply dewar pressure rating
limited the inlet velocity to about 70 ft/sec in nitrogen.
Valves located on each side of the test section permit flow stop-
page in the event of venturi failure while testing with liquid hydrogen.
A plenum chamber was installed upstream of the test section to assure
uniform non-cavitating flow at the test section inlet. The supply dewar
was equipped with a 5 kW heater which was used to heat the test fluid.
2.1 Test Section
A photograph of the test section as viewed through one of the win-
dows in the vacuum jacket is shown in figure 2.2. The transparent plas-
tic venturi was flanged into the apparatus using high compression elasto-
meric "O" rings. Test section details are given in figures 2.3 and 2.4.
Referring to figure Z.3, static pressure tap No. 1 was the only instru-
ment port drilled and used in the liquid hydrogen inception tests. Some
liquid nitrogen data were acquired with all of the pressure and tempera-
ture sensing ports instrumented, figure Z.Z. Since incipient cavitation
involves very small cavities at or near the minimum pressure point--
see figures Z.4 and Z.5--the presence or absence of the additional sens-
ing ports has no effect on the inception data reported. All of the sensing
ports were used during the thermodynamic tests to determine the tempera-
ture and pressure depressions within the cavities. Cavity length was
determined from scribe marks on the plastic venturi; see figure Z.Z.
The theoretical and as-built venturi contours are shown on figure Z. 4.
The test section dimensions were checked by using the plastic venturi as
a mold for a dental plaster plug. The plug was then removed and mea-
sured. Pressure distribution for non -c avitating flow across the quarter-
round contour [14, 18] is shown in figure Z.5. This pressure profile has
been confirmed using several test fluids [14-16] and data from this study,
and applies when (Re)D _4 x 10 5 .
o
Z. Z Instrumentation
Location of the essential instrumentation is shown on figures Z. l
and Z. 3.
Liquid level in the supply dewar was sensed with a ten-point car-
bon resistor rake. Test fluid temperature in the supply dewar was
determined by two platinum resistance thermometers, see figure Z. 1.
Fluid temperature at the flowmeter and test section inlet were also mea-
sured with platinum resistance thermometers. These platinum ther-
mometers were calibrated to provide temperature readings accurate
within _ 0.04°R. The thermometers were powered with a current source
which did not vary more than 0.01 percent. Voltage drop across the
4
thermometers was recorded on a 5 digit electronic voltmeter data acqui-
sition system. The overall accuracy of the platinum thermometer tem-
perature measurement is estimated to be within +0.09°R. Chromel-
constantan thermocouples were used to determine the temperature
profile within the cavities during the thermodynamic tests. The refer-
ence thermocouple was placed in the plenum chamber beside the plati-
num thermometer used to determine bulkstream temperature at the test
section inlet. The thermocouples had exposed, welded junctions, and
were constructed from one rail wire to ensure rapid response. The
thermocouple leads extending from the reference to cavity thermo-
couples were thermally lagged to the cold pipe. The signal leads which
penetrated the vacuum barrier were also tempered to the cold pipe to
minimize heat transfer to the thermocouples. Details of the thermo°
couple installation are shown on figures 2.6 and 2.7. The thermo-
couple circuit was calibrated, over the range of experimental velocities
and temperatures, from tests involving non-cavitating flow through the
venturi. Accuracy of the cavity temperature measurements is esti-
mated at -+ 1 °R for hydrogen and ±0.4°R for nitrogen.
System gage and differential pressure measurements were
obtained with pressure transducers mounted in a temperature stabilized
box near the test section. Differential pressure measurements were
used where possible to provide maximum resolution. The pressure
transducers were calibrated via laboratory test gages at frequent inter-
vals during the test series. These transducers have a repeatability of
better than -+0.25 percent and their output was recorded on a continuous
trace oscillograph with approximately one percent resolution. The
overall accuracy of the pressure measurement, including calibration
and read-out errors is estimated to be within -+2.0 percent. Bourdon
gages were used to monitor the various tests.
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Volumetric and mass flow rates were determined via Herschel
venturi flow meter designed to ASME Standards [19]. The internal con-
tour of this meter was verified in the same manner as the test venturi.
An error analysis of this flow device and associated pressure and tem-
perature measurements indicates an accuracy in mass flow of about
one percent.
An electronic pulsing circuit provided a common time base for
correlating data between oscillograph, digital voltmeter, and movie
film. The data were reduced by first viewing film of the test event. A
solenoid-actuated counter_ installed adjacent to the test section was
energized by the electronic pulser and appears on the film, figure Z.Z.
Thus, the data are reduced at the desired instant of time by simply
matching the number of voltage pulses which have elapsed.
An acoustic cavitation detection device was developed and suc-
cessfully used to determine cavitation inception. This device was found
to be more sensitive than the human eye, i.e., cavitation inception
could be detected with the acoustic transducer before it was visible to
the unaided eye. Visible incipience is frequently used as the criterion
for cavitation inception and is normally reported in the literature since
the sensitivity[Z0-2Z] of various acoustic detectors can vary appreciably.
Although the inception data presented here are based upon visible
incipience, a full description of the acoustic transducer is given for
reference in Appendix A of this paper.
Z. 3 Visual and Photographic Aids
Use of a plastic test section, liquid hydrogen, and relatively
high pressures precluded direct visual observation; therefore, closed-
circuit television was used to observe the tests.
Movies of cavitation tests were taken at approximately 20 frames
per second on 16 mm film. The variable speed camera was equipped
with a 75 mm lens and synchronized with a high intensity stroboscope,
providing a 3 _sec exposure. The stroboscope was situated directly
opposite the camera lens and illuminated the test section through a
plastic diffuser mask; this technique provided bright field illumination
or a back-lighting effect and excellent contrast between vapor and liquid
phases in the test section.
3. Test Procedure
The following procedure refers to figure 2. 1. The supply dewar
was filled with test liquid and then some of the liquid extracted through
valves A and B to cool the test section and piping. Approximately two
hours was required to cool the plastic test section without breakage.
Cooldown was monitored via platinum resistance thermometers in the
plenum chamber. Upon completion of cooldown, the contents of the
supply dewar was transferred through the test section into the receiver
dewar, and then back into the supply dewar again. This operation cooled
the entire flow system in preparation for a test. The test section and
connecting piping were kept full of liquid (at near-ambient pressure) dur-
ing preparatory and calibration periods between tests; therefore, the
plastic venturi was generally colder than the test liquid. Next, the liquid
in the supply dewar was heated to the desired temperature. Supply and
receiver dewars were then pressurized to appropriate levels and flow
started by opening valve C. In the case of non-cavitating flow, inception
was induced by lowering the receiver dewar pressure and thus increasing
the flow velocity until vapor appeared. To obtain desinent cavitation
from fully developed cavitating flow, the receiver dewar pressure was
increased until the vapor cavity was barely visible. For thermodynamic
tests, the receiver dewar pressure was adjusted to obtain the desired
cavity length. Receiver dewar pressure was remotely controlled by
means of a pneumatic transmitter, differential controller, and vent
valve arrangement, figure 2. I. It was necessary to increase test sec-
tion back-pressure by means of throttle valve D for some of the liquid
nitrogen tests. Flow was terminated by closing valve C. The supply
dewar was then vented and the test liquid transferred back into the
supply dewar for another test. As previously mentioned, the entire
test event was recorded on movie film which was subsequently used to
determine incipience, desinence, and desired cavity lengths.
4. Data Analysis and Discussion
4. I Inception Data
All of the useable experimental inception data are given in
tables 4. 1 and 4.2. The same data points were mathematically tem-
perature-compensated and presented in table 4.3. Derivation of these
compensated data is described in Appendix B of this paper.
The conventional cavitation parameter, K. for liquid hydrogen
IV'
is shown on figure 4. I. Little temperature dependency is evident in
this plot of experimental data and prompted the presentation of calcu-
lated data given on figures 4.2 and 4.3. The calculated data used in
the preparation of figures 4.2 and 4.3 are derived as explained in
Appendix B and are presented in table 4.4. The liquid nitrogen data
were handled in a similar manner and plotted on figures 4.4 and 4.5
from the data of table 4.5. Photographs of cavitation inception are
shown for both test fluids on figures 4.6 and 4.7.
4. i. I Inception Data Analysis
Computed values of K. were plotted as a function of V for
Iv o
both hydrogen and nitrogen. However, inspection of the plots showed
no readily discernible temperature dependence of K.iv
nitrogen is similar and is not shown).
(see figure 4.1;
The temperature dependence of K. is complicated by the factiv
that errors in the measured variable h are magnified in the calculation
o
of K. as follows:
1V
h -h
= [ o v ] . [4.1-1a]Kiv Zgc Z '
V
0
differentiating [4.1-la] at constant temperature and velocity there
results,
Zg c
d K. - dh
iv Z o
V
O
[4, 1-lb]
The fractional change in K.
lv
ing [4. 1-1b] by [4.1-1a] ,
due to a change dh
O
is obtained by divid-
d K. dh
lv O
q
K. h -h
IV 0 V
[4.1-Z]
The fractional change in h due to a change in dh is by definition
O O
dh
O
h "
o
The ratio of the fractional change in K.
lv
is obtained by dividing [4.1 -Z] by dh /h
O 0
to the fractional change ir_h
o
dK. /K.
IV IV
dh /h
0 0
h
0
h -h
o v
[4.1-3]
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Therefore any scatter which may occur in measuring h will be a_pli-
h o
o which has values as large as six for bothfled by the term h - h '
o v
hydrogen and nitrogen data given in this report.
Plots were also made of h as a function of V using the experi-
o o
mental data from this study. Both hydrogen and nitrogen data showed a
distinct temperature dependence; however, there was sufficient experi-
mental variation about each desired nominal liquid temperature to cause
concern in constructing the individual isotherms. Anominal tempera-
ture or nominal isotherm is defined as that temperature which is selec-
ted to represent a specific group of data points with little temperature
variation.
A technique was devised to evaluate the effect of temperature
on the data and is detailed in Appendix B of this report.
4. Z Thermodynamic Data
Selected thermodynamic data are given in table 4.6 for liquid
hydrogen and table 4.7 for liquid nitrogen. Profiles of pressure depres-
sion are given on figures 4.8 to 4. ZZ for liquid hydrogen and figures
4. Z3 to 4. 34 for liquid nitrogen.
Photographs of fully developed cavities in liquid hydrogen and
liquid nitrogen are shown in figures 4.35 and 4.36. Inlet velocity and
temperature were observed to have very little effect on the appearance
of cavitating hydrogen and a pronounced effect on the appearance of
nitrogen cavities.
4. Z. 1 Thermodynamic Data Analysis
The pressure depression in the cavitated region is determined
by subtracting the measured cavity pressure in one case and the sat-
uration pressure associated with the measured cavity temperature in
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the other case, from the vapor pressure of the liquid entering the test
section.
The calculation of feet of head from psi requires evaluation of the
liquid density at the point of measurement. Measured pressures and
temperatures at the test section inlet were used to obtain head data for
the inception tests; however, the liquid density is not so easily obtained
from the thermodynamic data. Figures 4.8 to 4.34 indicate that the
measured pressures and temperatures, within the cavities, are generally
not in equilibrium. Also, due to the thermal expansivity of liquid hydro-
gen, the bulkstream temperature changes appreciably as the liquid flows
through the venturi. The following methods were used to calculate feet
of head from the thermodynamic measurements: (1) Head (hn) was cal-
culated from measured cavity pressure by using the saturation density at
the measured pressure. (2) Head (hn, T ) was calculated from measured
cavity temperature by using the saturation density at the measured tem-
perature. Both values of head are given in tables 4.6 and 4.7 for the two
test fluids.
The cavitation parameter for fully developed cavitation, K ,
v
calculated and tabulated for each run.
was
The similarity equation [ 13] (used for correlation of thermo-
dynamic cavitation data in similar test items) was fitted with exponents
for both hydrogen and nitrogen, using data from this experiment. The
purpose [ 1] of this equation is to predict the cavitating performance of
a test item from fluid-to-fluid and from one temperature to another when
limited data from a single fluid are available. The similarity equation
in its basic form is given [ I3] as
%ef t _ reftl V° O.5
o, ref v, ref
II
the symbols are identified in the nomenclature of this paper. Gelder,
et. al.[13] equate the cavity thickness term in [4.2-I] to unity and indi-
vidually evaluate the exponents on the various terms in [4. 2-I] to account
for differences in theoryand experiment; the modified expression may be
written
B = (B)refk _ _ _ k,_J \V ' [4.2-2]
O, ref
where the exponents m, n, and p are evaluated from the experimental
data and theoretical data [ 13] for B---see following discussion. Any
single experiment may be chosen to provide the reference data in this
equation. In this study the exponents were obtained from a least squares
fitting technique and a digital computer; the results of the computer pro-
gram are given in tables 4.8 and 4.9 for liquid hydrogen and liquid nitro-
gen, respectively. The exponents obtained by Gelder, et al., [ 13] from
Freon 114 data are included in these tables for comparison. In equation
[4. Z-2] the physical properties are evaluated at Po and To and Bre f is
obtained from theory [ 13] using (Pv - Pz)ref and To, ref" Choosing
values for m, n, and p, the B factor may be computed from [4. Z-Z].
To evaluate the standard deviation in tables 4.8 and 4.9, B for each
t
data point is obtained from theory in the same manner as Bre f. The
standard deviation in B factor is minimized in the computer program
when one or more of the exponents is selected by the computer; the ab-
solute minimum standard deviation is obtained when all three exponents
are selected by the computer. The standard deviation is simply com-
puted in those cases where the exponents are not selected by the com-
puter.
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4.3 Discussion of Data
4.3. 1 Discussion of Inception Data
It was pointed out earlier that no temperature dependence could
be determined from the K. versus V plots when the uncompensated
lV o
experimental data were used, figure 4. 1. However, once the nominal
h versus V isotherms were established by mathematical temperature
O o
compensation, the K. versus V nominal isotherms may be computed
1V O
from the basic definition of K..
1v
Data on figures 4.2 and 4.4 represent the final "best-fit" of the
experimental data points, "transferred" by means of equations [ 10-3] and
[ 10-4] to the nominal isotherms shown. This method of presenting the
h versus V data eliminates the scatter due to experimental tempera-
o O
ture variation. Good agreement was obtained with NASA data [ 18] for
liquid nitrogen at 140°R; see figure 4.4. Since the NASA test section
was 1. 414 times as large as the plastic venturi described herein, negli-
gible scale effects are indicated.
Minimum local wall pressure at incipient cavitation was calcu-
lated to be less than bulkstream vapor pressure by as much as 328 feet
of hydrogen head and 6B feet of nitrogen head. These data are obtained
by subtracting 1_ from h in tables 4. 1 and 4.2.
v
Figures 4.3 and 4.5 are presented as a matter of interest, but it
is to be noted that these K. curves depend entirely on the shape of the
iv
h versus V curves, and that errors in h are amplified in K. (as was
o o O IV
shown earlier). Little variation in the shape of the h versus V curves
o O
is required to eliminate the inflection points in the corresponding K.
1v
versus V curves. The K. curves indicate the usual trends, i.e. , K.
O lV IV
increases with increasing velocities and decreasing temperatures.
Figure 4.3 shows the isotherms for hydrogen intersecting at an inlet
13
velocity of about 140 ft/sec. While this intersection may be tenable, it
could also be attributed to experimental data scatter. Reference to
figure 4. 1 indicates little separation between isotherms, and suggests
that K. may be invariant at inlet velocities greater than 140 ft/sec.
iv
Both hydrogen and nitrogen K. curves exhibit little temperature oriv
velocity dependence at the higher velocities.
4. 3.2 Discussion of Thermodynamic Data
In figures 4.8 to 4.34, the data points representing cavity pres-
sure measurements have been connected to facilitate comparison with
the data points obtained from the cavity temperature measurements.
The pressure depressions obtained from the cavity temperature mea-
surements are, for the most part, greater than those derived from the
measured cavity pressures. Some of the hydrogen data indicate that
the cavity pressures and temperatures are nearly in equilibrium at
axial positions near the leading and trailing edges of the cavity; this
is particularly true near the leading edge where vaporization occurs.
The nitrogen data are more erratic near the leading edge of the cavity;
it is believed that this is due to the fact that the nitrogen cavities some-
times resemble vapor streams, while the hydrogen cavities always
present a complete annulus of vapor. Therefore, the pressure and
temperature sensing ports are continuously covered with vapor during
a hydrogen experiment, but may be intermittently covered with first
vapor and then liquid in a nitrogen test. The characteristics of the
nitrogen cavities vary with inlet temperatures and velocities as shown
in figure 4.36. Minimum measured cavity pressure was less than bulk-
stream vapor pressure by as much as 651 feet of hydrogen head and 44
feet of nitrogen head. These pressure depressions are obtained by
subtracting h 2 from hv in tables 4. 6 and 4.7.
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The data given on figures 4.8 to 4.34 indicates Z that some of the
cavities were shorter than their nominal (as observed on film) length.
Apparently, the actual length of the cavity and the observed length differ
somewhat_ perhaps due to the irregular trailing edges of the cavity.
The cavity length was observed (on film) to be within • one-fourth inch
of the nominal length of all the data reported.
A similarity equation, used to correlate cavitation performance
of various flow devices from fluid-to-fluid_ was fitted with numerical
exponents derived from the experimental data of this study. The simi-
larity equation and exponent data for Freon 114 were obtained from the
literature; the numerical exponents for Freon 114 were then compared
in tables 4.8 and 4.9 with those deduced from this experiment, using
liquid hydrogen and liquid nitrogen. The exponents given in tables 4.8
and 4.9 were obtained from a least-squares fitting technique and a digital
computer. The suitability of the various exponents to the experimental
data of this study is indicated by the standard deviation in these tables.
The data given in tables 4.8 and 4.9 points up the difference between
theory and experiment. The data given on figures 4.8 to 4.22 were used
to estimate the cavity length (the data were extrapolated to zero pressure-
depression) and little improvement in data fit was realizecl, see results
in table 4.8.
5. Summary
5.1 Summary of
Cavitation Inception Experiments
Cavitation inception parameters have been experimentally mea-
sured for liquid hydrogen and liquid nitrogen flowing in a clear plastic
2 - The pressure depression should be zero at the trailing edge of the
cavity.
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venturi. The experimental data points are given in table 4. i for liquid
hydrogen and table 4. Z for liquid nitrogen.
Temperature compensated values of inlet head, h , versus inlet
o
velocity, V , are presented on a background of mathematically derived
o
isotherms; liquid hydrogen data are shown on figures 4. i and liquid
nitrogen data appear on figure 4.4. The 140°R isotherm constructed
from the liquid nitrogen data is coincident with data furnished by Rug-
geri [18]. The venturi used in that experiment [15] was larger bya
factor of 1.414:1; therefore, negligible scale effects are indicated. The
mathematical technique used to temperature-compensate the experimental
data is outlined in Appendix B of this paper.
Figure 4. 1 shows experimental Kiv data points for liquid hydrogen;
these data have not been temperature compensated and show no particular
temperature trends. Temperature compensated values of the conven-
tional cavitation parameter, K. , are also shown on figure 4.3 for liquidiv
hydrogen and on figure 4. 5 for liquid nitrogen: These curves have been
derived from the smooth isotherms on the h versus V plots (figures
O O
4. 2 and 4.4). The data shows that K. increases with increasing veloc-
iv
ities and decreases with increasing temperatures. At the high velocities,
the K. curves indicate very little temperature or velocity dependence.
iv
The data used to construct figures 4. 3 and' 4. 5 are given in tables 4. 4
and 4.5.
The experiments showed that both liquid hydrogen and liquid
nitrogen can sustain relatively large magnitudes of thermodynamic
metastability; i. e. , minimum local wall pressure was calculated to be
considerably less than bulkstream vapor pressure. The magnitude of
metastability for the various experiments is obtained by subtracting
from h in tables 4. 1 and 4.2.
v
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5. Z Summary of
Thermodynamic Depression Experiments
Pressure and temperature profiles were measured within fully
developed cavities of 1. Z5, 2, and 3.25 inch nominal lengths in liquid
hydrogen and 3. Z5 inch nominal length in liquid nitrogen. The results
of these experiments are given as thermodynamic depressions on figures
4.8 thru 4.34. In general, the measured pressure and temperature de-
pressions were not in thermodynamic equilibrium; the pressure depres-
sions obtained from the cavity temperature measurements are usually
greater than those derived from the measured cavity pressures. Some
of the hydrogen experiments indicate that the cavity vapor is almost in
thermodynamic equilibrium near the leading and trailing edges of the
cavity; considerable thermodynamic metastability occurs in the mid-
region of the cavity in al____lof the hydrogen data. This behavior may be
due to lag in the thermal-response of the liquid, to rapidly varying
pressure, as a particle of liquid traverses the test section contour.
The nitrogen thermodynamic data are considerably more erratic than
the data for hydrogen, particularly near the leading edge of the cavity:
This feature of the nitrogen thermodynamic data is attributed to the
porous, non-uniform character of the cavities; while the cavities in
hydrogen were uniformly developed and well defined, the nitrogen
cavities were quite irregular and definition varied considerably with flow
conditions, see figures 4.35 and 4.36.
The experimental data of the study were used to fit a similarity
equation with numerical exponents, see tables 4.8 and 4.9. The equa-
tion is used to correlate the cavitation performance of liquid pumps
from fluid to fluid.
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7. Nomenclature
A
O
B
C
n
i
C
n
C
P
D
O
gc
h
n
h
n,T
= test section inlet flow area [- 0. 008063 ftZat 36°R]
= ratio of vapor to liquid volume associated with the formation
and sustenance of a fixed cavity in a liquid
= (n = l, 2---): constants appearing in equation [ 10-1] which
are evaluated from best-fit curves through h vs V data
O O
points
= (n = 1, Z): modified values of C
n
,)
= pressure coefficient [m(h - h )/(Vo/ggc)]X O
-)
= minimum pressure coefficient [= (I_ - ho)/(Vo/Zgc)]
= test section inlet diameter
= conversion factor in Newton's law of motion, given in engi-
= 32.2 (ft) (pounds mass)/(secg)(pounds
neering units as gc
force)
(n = 2, 4, 5, 7 or 9):= head corresponding to cavity pressure
measured at _ particular instrument port in wall of plastic
venturi, ft
= (n = Z, 6, or 8): head corresponding to the saturation pressure
at the cavity temperature measured at a particular instrument
port in wall of plastic venturi, ft
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h
• O
h
o, 1
h
V
h
x
Ko
lv
K
v
P
n
P
n, T
P
0
P
V
(Re) D
o
t
v
T
n
T
0
= test section inlet head corresponding to absolute inlet pres-
sure, ft
= value of inlet head corresponding to a data point before it is
"transferred" to a new position, ft
= value of inlet head corresponding to a data point after it
has been "transferred" to a new position, ft
= head corresponding to saturation or vapor pressure at the
test section inlet temperature, ft
= head corresponding to absolute pressure measured at wall
of plastic venturi at distance x, downstream of the minimum.
pressure point, ft
= head corresponding to the minimum absolute pressure on
quarter-round contour of plastic venturi, computed from
expression for
p, ft
: incipient cavitation parameter [= (h° - hv)/(Vf/2gc)]u
= fully developed cavitation parameter [- (h ° - hv)/(V_/Zgc- )]
= mass flow rate, e.g., (pounds rnass)/sec
= (n=2,4, 5, 7, or 9): absolute cavity pressure measured at a
particular station or instrument port in wall of plastic venturi
= (n=2, 6, or 8): saturation pressure corresponding to the
measured cavity temperature at a particular station or in-
strurnent port in wall of plastic venturi
= test section absolute inlet pressure
= saturation or vapor pressure at test section inlet temperature
= Reynolds number, based on test section inlet diameter
= thickness of vapor-filled cavity
= (n=2, 6, or 8): measured cavity temperature at a particular
station or instrument port in wall of plastic venturi
= bulkstrea/uq temperature in degrees Rankine, of liquid entering
the test section
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T
o, 1
T
o,B
r ! --
o
r ,!
o
V --
o
x ---
Greek
Sub sc ripts
ref =
t _x
the inlet temperature from which a data point is to be ".trans-
ferred"
the inlet temperature to which a data point is being "trans-
ferred"
the nominal temperature chosenfor construction of a "base"
isotherm due to the availability of sufficient h vs V data
0 0
at or near that temperature
a nominal isotherm on a h vs V plot
0 0
a nominal isotherm, different from T ', on a h vs V plot
0 0 0
velocity of test liquid at inlet to test section, ft/sec
distance measured from minimum pressure point on quarter-
round contour along axis of plastic venturi
thermal diffusivity of liquid
reference test, or set of test conditions, to which a compu-
tation is being referenced when attempting to correlate cavi-
tation performance via the similarity equation [ 4.2.-1]
denotes derivation from theory
Superscripts
rrl =
n =
p =
exponent on thermal diffusivity ratio in equation [ 4. Z-Z]
exponent on cavity length ratio in equation [ 4. Z-Z]
exponent on test section inlet velocity ratio in equation [4. Z-Z]
20
i.
.
.
.
u
.
,
So
.
8. References
Pinkel, I., M. J. Hartrnann, C. H. Hauser, M. J. Miller, R. S.
Ruggeri, and R. F. Soltis, Pump Technology, Chap. VI, p. 81-101,
taken from Conference on Selected Technology for the Petroleum
Industry, NASA SP-5053 (1966).
Erosion by Cavitation or Impingement, STP-408, 288 pages (1967),
available from ASTM, 1916 Race St., Phiia. , Pa. , 19103.
Hord, J., R. B. ffacobs, C. C. Robinson, and L. L. Sparks,
Nucleation Characteristics of Static Liquid Nitrogen and Liquid
Hydrogen, ASME Journ, of Engr. for Power, p. 485-494, (Oct. 1964).
Brand, R. S. , The Motion of a Plane Evaporation Front in a Super-
heated Liquid, Univ. of Conn., Tech. Rept. No. Z (April 1963).
Clark, J. A., The Thermodynamics of Bubbles, Mass. Inst. of
Tech., Tech. Rept. No. 7 (ffan. 1956).
Holl, ft. W., and G. F. Wislicenus, Scale Effects on Cavitation,
ASME Journ. of Basic Engrg., p. 385-398, (Sept. 1961).
Huppert, M. C., W. S. King, and L. B. Stripling, Some Cavitation
Problems in Rocket Propellant Pumps, Rocketdyne Rept. , Canoga
Park, Calif.
Karelin, V. Ya., Cavitation Phenomena in Centrifugal and Axial
Pumps, Available from NASA , STIF, Call No. n66-1453Z (consists
of 128 pages) (1963).
Spraker, W. A., The Effects of Fluid Properties on Gavitation in
Centrifugal Pumps, ASIVIE Journ. of Engr. for Power, Vol. 87,
p. 309-318 (July 1965).
Zl
i0.
ll.
12.
13.
14.
15.
16.
17.
Stepanoff, A. J., Cavitation Properties of Liquids, ASME Journ.
of Engrg. for Power, Vol. 86, p. 195-Z00, (April 1964).
Wilcox, W. W., P. R. Meng, and R. L. Davis, Performance of
an Inducer-lmpeller Combination at or Near Boiling Conditions for
Liquid Hydrogen, Adv. in Cryogenic Engrg., Vol. 8, p. 446-455,
Plenum Press, Inc., (1963).
Hollander, A., Thermodynamic Aspects of Cavitation in Centrifugal
Pumps, ARS Journ., Vol. 32, p. 1594-1595, (Oct. 1962).
Gelder, T. F., R. S. Ruggeri, and R. D. Moore, Cavitation Simi-
larity Considerations Based on Measured Pressure and Tempera-
ture Depressions in Cavitated Regions of Freon 114, NASA TIN
D-3509 (July 1966).
Ruggeri, R. S. and T. F. Gelder, Effects of Air Content and Water
Purity on Liquid Tension at Incipient Cavitation in Ven_ri Flow,
NASA TN D-1459, (1963).
Ruggeri, R. S. and T. F. Gelder, Cavitation and Effective Liquid
Tension of Nitrogen in a Tunnel Venturi,
Gelder, T. F., R. D. Moore, and R. S.
tation of Freon -ll4 in a Tunnel Ven_ri,
NASA TN-Z088, (1964).
Ruggeri, Incipient Cavi-
NASA TN D-Z66Z, (1965).
Ruggeri, R. S., R. D. Moore, and T. F. Gelder, Incipient Cavitation
of Ethylene Glycol in a Tunnel Venturi, NASA TN D-Z772, (1965).
Ruggeri, R. S., Private communication.
Flow Measurement, Chap. 4, Part 5 - Measurement of quantity
of materials, p. 17, PTC, 19.5; 4-1959, the American Society of
Mechanical Engineers, 29 West 39th St., New York 18, N. Y.
Z2
20.
ZI.
Z2.
Kittredge, C. P., Detection and Location of Cavitation, Plasma
Physics Lab, Princeton Univ., Princeton, N. J., Report MATT-14Z
(Aug. 1962). Available from O. T. S. , U. S. Dept. of Commerce,
Washington, Z5, D. C.
Lehman, A. F. and J. O. Young, Experimental Investigations of
Incipient and Desinent Cavitation, ASME Paper No. 63-AHGT-Z0
{Mar. 1963).
Holl, J. W. , Discussions of Symposium on Cavitation Research
l_acilities and Techniques, Presented at Fluids Engr'g. Div. Confer.,
Phila. , Pa. , May 18-20, 1964, Available from ASME, United
Engineering Center, 345 East 47th St., New York 17, New York.
Z3
9. Appendix A---Acoustic Detector
A detailed drawing of the acoustic transducer is given on figure
9. 1 and a schematic of the instrument hook-up is given on figure 9.2.
The transducer consists of a barium-titanate piezoelectric crystal
sandwiched between the body of the transducer and a machine screw,
figure 9. I. The mechanical coupling or initial compression level in the
crystal could be varied by means of the machine screw. Thus, the
sensitivity of the crystal to mechanical vibration could be adjusted some-
what. Electrical leads were attached to the adjustment screw and to the
body of the transducer. Coaxial electrical wire was used to connect the
transducer to a cathode-follower-amplifier, see figure 9. Z. The signal
was then filtered through a variable band-pass filter and displayed on an
oscilloscope. The band-pass filter was set to admit signal frequencies of
3 to ZOOkHz for most tests.
The acoustic transducer was screw-mounted in the downstream
flange of the plastic venturi via pipe threads. Most of the system vibration
and noise appeared to be of low frequency and was easily eliminated with
the band-pass filter.
Cavitation was readily discernible on the oscilloscope and was
characterized by large-amplitude, high-frequency signals.
Z4
10. Appendix B---Method Used to
Compensate the Experimental Inception Data for
Temperature Deviation about the Nominal Isotherms
(1) It was assumed that a change in inlet temperature, dT , will
O
produce a change in inlet head, dho, along a constant velocity path, which
will be a function of the velocity and temperature only; it is also assumed
that this function may be approximated by a few terms of a polynomial.
Justification of these assumptions is evidenced by the good results which
were obtained for both hydrogen and nitrogen (see figures 4.2 and 4.4)
by using the following equation:
dho = [CIToZ +CzTo + C3Vo z +C4Vo +C5 ] dTo. [I0-I]
Holding V constant and integrating from h to h and from T
o O, 1 o, Z o, 1
T there results:
0,2
to
I j , )3 , _ho,2" ho, l V = Cl [(T°'z "(T°'l)3] +CZ [(T°'2)2 (To, i )g]
o
2
+(To, 2 - T0,1 ) (C3V ° +C4V ° +C5), [I0-2]
where the subscript "1" refers to the position of a data point before it is
transferred to a new position identified by the subscript "2".
For each of the following steps (two through seven) there is a
corresponding graphical illustration on Figure 10.1.
(2) h vs V experimental data were plotted, a separate graph
O O
being used for each test fluid. The data points were identified with their
individual temperatures so that "best-fit" curves could be drawn through
each group of data points having a common nominal temperature. A
nominal temperature is defined as that temperature which is selected to
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represent a specific group of data points having little temperature variatior_.
These first-approximation isotherms are shown as dashed lines on step
two of figure I0. I.
One of the nominal isotherms is chosen, on the basis of availability
of sufficient experimental h vs V data at or near that temperature, as a
o O
reference or "base" isotherm for succeeding computations. This isotherm
is designated T in figure I0. I while the other isotherms are designated
opB
T 'andT "
o o
(3) The constants in equation [10-2] are evaluated by selecting
pairs of values of h and T from the nominal isotherms at identical
o o
velocities as follows: on figure I0. 1 the tail of each arrow indicates a
value of h and T while the arrow head points to h and T The
o, 1 o, 1 o, 2 o, 2"
coordinate points from each arrow are then used in equation [10-2]. Note
that each arrow provides one equation, hence five arrows are needed to
evaluate the constants in [ 10-2]. The arrows always follow a constant
velocity path and must be strategically placed in order for the five equa-
tions to be independent. The actual data points are not shown since they
are not used in this step. The equation derived from this step will "transfer"
data from one temperature to another within the confines of the bounding
isotherms.
(4) In step four of the illustration, arrows are used to indicate the
"transferral" of experimental data points to a new location near the base
isotherm, h and T are known from the experimental data, while
o, I o, l
To, 2 is simply the base nominal temperature, To, B; values of ho, 2 can
then be determined, by using equation [ 10-2], and plotted near the base
temperature, T Note that the data transfer always follows a constant
o,B"
velocity path.
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(5) A new "best fit" isotherm can then be drawn through all of the
"transferred" data points at T This new curve is shown as a solid line
o,B"
in figure I0. l; the first approximation isotherms, drawn as dashed lines,
are no longer needed and are omitted in the illustration of this step. The
curve obtained from this step represents an improved reference isotherm.
(6) The new reference isotherm and equation [ 10-2] may now be
used to reconstruct the other nominal isotherms. T ' and T " may be
O o
reconstructed by using equation [ 10=2] and h values from the new base
o, 1
isotherm. Note that T now becomes T and T ' and T " take their
o, B o, 1 o o
respective turns as T Values of h are then computed in order to
o, 2" o, 2
plot the two new isotherms shown in the illustration of this step on figure
10.1.
(7) The original experimental data points were then transferred
to their nearest nominal temperature by means of equation [ 10-2]. Those
points having a nominal temperature of T were relocated in their final
o,B
position in step four. This process brings the data points near their re-
spective isotherms, as shown by the arrows in the illustration of step
seven. Note that h is again the only unknown in equation [ 10-2]
0,2
(8) The agreement between the new nominal isotherms and the
transferred experimental data points was then observed: If the fit was
not satisfactory, "best-fit" curves were drawn through the "transferred"
data points and the entire computational procedure---steps (3) through
(7)--- was repeated. Several iterations were necessary to obtain suitable
mathematical expressions for liquid hydrogen and liquid nitrogen: tables
4.3, 4.4, and 4.5 as wellas figures 4.2 and 4.4 were prepared by using
the following equations.
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Hydrogen:
_ j )z5.86 [(To, 2 - (T )2]ho, 2 ho, 1 V o, 1
o
+(T - T ) (0.41 V - 400.35).
o, 2 o, 1 o
[ 10-31
Nitrogen:
j _ 0.000835[(T z)3-(T )3ho,2 - ho, l V o, o, 1 ]
O
)z
-0.27Z9 [(To, 2 - (T )2] + 30. 152 (T - T ).
o) I o, 2 o, 1
[ 1o-4]
It should be noted that some of the terms in equation [ I0-2] become
negligible and consequently are not included in [ 10-3] and [ 10-4]. It is
observed that equation [ 10-3] for hydrogen is velocity dependent, while
equation [ 10-4] for nitrogen is not. It is not recommended that equations
[ 10-3] and [10-4] be used outside the general area of the data points
given.
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i0 ;7/ 
ocouple Junction
(. I): Detail of thermocouple
instrument port
Digital
Voltmeter
Thermocouple i
signal leads _11
'_I_I __
Shields are electrically
isolated from each
other at this pain1,
Vacuum Jacket
,./-- Flow Line
i-/ 3(_
_I_
(. Z): Schematic of thermocouple
recording circuit
Figure 2.6 Installation and wiring details of thermocouples used
to measure cavity temperatures
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Run No. 068 --- Liquid Hydrogen
Nominal cavity length 1-1/4 in. Z in.
P -P O
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v n,W
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Figure 4.10 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 069 --- Liquid Hydrogen
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Figure 4. II Pressure and temperature depressions
within cavity in liquid hydrogen.
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Figure 4. 12 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 071 --- Liquid Hydrogen
Nominal cavity length I-I/4 in. Z in. 3-I/4 in.
P -P O & O
V n
p -P • • •
v n, T
To(°R) 40. 79 40.70 40. 68
Vo(ft/sec) 190.4 189.4 189.7
K I. 61 I. 59 I. 5Z
V
Axial distance from minimum pressure location, x, inches
Figure 4. 13 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 073 --- Liquid Hydrogen
Nominal cavity length I-1/4 in. 2 in.
P -P 0 A
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Axial distance from minimum pressure location, x, inches
Figure 4.14 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 07 5 --- Liquid Hydrogen
Nominal cavity length i-1/4 in. 2 in. 3-1/4 in.
P -P O d Q
v n
P -P • • •
v n, T "
To(°R ) 40.86 40.7 40.97
Vo(ft/sec ) Z0Z. 9 Z0Z. 8 Z04.7
K I. 64 I. 68 I. 60
V
Axial distance from minimum pressure location, x, inches
Figure 4.15 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 076 --- Liquid Hydrogen
Nominal cavity length I-I/4 in. Z in. 3-i/4 in.
P -P O _ 0
V n
P -P @ • •
v n, T
To(°R ) 38. 54 38.54 38.93
Vo(ft/,ec ) 197.6 " 198.4 201.1
K I. 93 i. 90 i.84
V
Axial distance from minimum pressure location, x, inches
Figure 4. 16 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 078 --- Liquid Hydrogen
Nominal cavity length i-I/4 in. 2 in. 3-1/4 in.
P -P 0 A CI
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Figure 4.17 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 079 --- Liquid Hydrogen
Nominal cavity length 1-1/4 in. 2 in. 3-1/4 in.
P -P 0 A 0
v n
P -P • • •
v n,W
To(°R ) 37. i0 36.79 37.22
Vo(ft/sec ) 155.4 155.0 153.9
K 1.81 1.83 1.67
V
Axial distance from minimum pressure location, x, inches
Figure 4. 18 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 080 --- Liquid HydroEen
Nominal cavity length i-1/4 in. 2 in. 3-i/4 in.
P -P O A D
v n
P -P • • •
v n, T
To('R ) 40.82 40.88 40.97
Vo(ft/sec) 147.4 151.6 153.2
K 1.36 1.18 I. II
v
Axial distance from minimum pressure location, x, inches
Figure 4. 19 Pre s sure and temperature depres sions
within cavity in liquid hydrogen.
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Figure 4. Z0 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 082 --- Liquid Hydrogen
Nominal cavity length I-I/4 in. 2 in. 3-I/4 in.
P -P O A 0
v n
P -P @ • •
V n, r
To(°R ) 36.50 36.50 36.56
V (ft/sec) III. 0 113. 1 116. 1
o
K I.46 I.40 I. 37
v
Axial distance from minimum pressure location, x, inches
Figure 4. Zl Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No, 091 --- Liquid Hydrogen
Nominal cavity length I-I/4 in. 2 in. 3-1/4 in.
P -P 0 A rt
V n
P -P • • •
v n, T
To(°R) 4Z. 48 42.62 42.70
Vo(ft/sec)_ 175.7 178.8 180.3
K I. 51 1.26 1.36
V
Axial distance from minimum pressure location, x, inches
Figure 4. 22 Pressure and temperature depressions
within cavity in liquid hydrogen.
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Run No. 095 --- Liquid Nitrogen
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Figure 4. Z3 Pressure arid temperature depressions
within cavity in liquid nitrogen.
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Run No. 096 --- Liquid Nitrogen
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To(°R) 139.8
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Nominal cavity length = 3-I/4 in.
Axial distance from minimum pressure location, x, inches
Figure 4. 24 Pressure and temperature depressior_s
within cavity in liquid nitrogen.
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Figure 4.26 Pressure and temperature depressions
within cavity in liquid nitrogen.
60
0 I
-2 .....................
3
I
i
o
.,-4
k
c_
>,
>
L)
............................. /
.........................
....
8/ •
o I
i
Run No.
]
........ _ T
i
I
]
099 --- Liquid Nitrogen _
P -P 0
V n
P -P •
V n, T
To(°R ) 160.7
Vo(ft/sec ) 38. Z5
K 0.97
V
Nominal cavity length = 3-I/4
L
inB ....
Axial distance from minimum pressure location, x, inches
Figure 4.25 Pressure and temperature depressions
within cavity in liquid nitrogen.
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Figure 4. Z7 Pressure and temperature depressions
within cavity in liquid nitrogen.
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Figure 4. Z8 Pressure and temperature depressions
within cavity in liquid nitrogen.
6Z
o_
o
o_
C8
4)
o_
>.
4-)
,,-4
>
O
0
-2
.....
......
Run
P -
V
I)
v
No. i07 --- Liquid
P O
n
-P •
n, T
T_('R) 150.
u
Vo(ft/sec ) 73.
K Z.
v
iNominal cavity length
6
8
Nitrogen
5
13
O4
= 3-1/4 in. --
/
/
/
/ ,
0
/
-/
3
_@ ........................ q ..............
I0
Axial distance from minimum pressure location, x, inches
Figure 4.29 Pressure and temperature depressions
within cavity in liquid nitrogen.
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Figure 4.30 Pressure and temperature depressions
within cavity in liquid nitrogen.
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Figure 4.31 Pressure and temperature depressions
within cavity in liquid nitrogen.
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Figure 4. 3Z Pressure and temperature depressions
within cavity in liquid nitrogen.
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Figure 4.33 Pressure and temperature depre_sions
within cavity in liquid nitrogen.
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Figure 4.34 Pressure and temperature depressions
within cavity in liquid nitrogen.
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I+-. 3.25" + 
(. 1): Typical incipient cavitation. 
Note scr ibe  m a r k s  used to 
identify nominal cavity length. 
I 
(. 2): Nominal cavity length, 1-1/4 
inch; V = 111 ft /sec,  
36. 5O"R, P = 23.3 psia ,  
K = 1.46. 
- 
0 TO - 
0 
V 
(. 3 ) :  Nominal cavity length, 2 
inch; V = 155 ft /sec,  TO= 
36. 79"R, Po= 36. 3 psia,  
Kv= 1.83. 
0 
(. 4):  Nominal cavity length, 
3-1/4 inch; V 0 = 204.7 f t /  
sec ,  T = 40.97"R, P = 
59.3 psia,  = 1.60. 
0 0 
KV 
Figure 4.35 Photographs showing typical appearance of 
developed cavities in liquid hydrogen. 
(. 1): Vo= 35.22 ft/sec, To= 14O.l0R, 
P = 15. 55 psia, K = 1. 86. 
0 V 
(. 2): Vo= 72.89 ft /sec,  To= 140.7"R, 
Po= 16. 20 psia, = 2. 15. 
KV 
(. 3): V = 45.84 ft/sec, To= 150.7"R, 
Po= 29. 25 psia, K = 1. 53. 
0 
V 
f. 5): Vo= 38.25 ft /sec,  T = 160.7"R, 
0 
P = 49. 20 psia, 
0 
Figure  4.36 
K = 0.97. 
V 
(. 4): Vo= 73.13 ft/sec, To= 150.5"R, 
Po= 28.90 psia, K = 2. 04. 
V 
(. 6): Vo= 74.14 ft /sec,  To= 160.7"R, 
/ P = 48.95 psia, K = 1.82. 
0 V 
Photographs showing effects of velocity and 
tempera ture  on the appearance of developed 
cavities in liquid nitrogen; nominal cavity 
length, 3-1/4 inch. 
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Figure 9. 1 Acoustic Transducer for Detection of Cavitation Inception.
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Figure 9.2 Block Diagram of Signal Conditioning Instruments Used with
Acoustic Cavitation Detection Device.
71
Step 2
.,,To'
_'_ [] _ _*/0ho
- o o
O =_, _,_ _ _
O ._.....---" ,-, T =T
.... 0 _ "0 O,B
Vo
ho
Step 4
II
/ To
_._ I_ _'mo
"T _ .o.L.._..=.-a-°
-O-_--O'_ 6 To=To, B
Vo
Step 6
T_
T_
ho
-J -,---.L--'''_ To = To,a
Vo
ho
ho
ho
Step 3
_' To
_ t
_._ _ _-_1 "To
____I_...-.-.-'_'" TO= TO,e
vo
Step 5
T O= TO, B
Vo
Step 7
II
To
_T_ " To, B
Vo
i
Figure 10. 1 Illustration of Method Used to Construct Nominal
Isotherms from Experi.rnental Data.
7Z
=Q;
0
1.4
>,
°r'l
°r-I
k
0
0
0
,r,,i
>
4
.21
,2
A
OI
>,o
A
o
A
o
¢)
@
v
A
_J
>o
A
[_o
0 _. 0 _.0 0 ,-4 oO 0 0 I_ _ 0 oo ,..,4 0 0 _'_ N u_ ,.0 u_ 0 _
.,0 _,0 _ _ _ _1_ ur_ _D ;'_ oo 0 '_ 0 0 _ _ 0x ,-4 _ _ _ _ CO 0_
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
73
0.t-i
Z
"U
0
A
0
u
0
P
rq
,.o
,r-I
v
v
o._
v
o
,.Q
v
t_
0
o
?4
C
0
IOo
_) ,'_
_ ._
_ 0
NN
_ 0
• r-t _
0
0
0
N .,-_
0
>
0
0 _ 0_ f_l _ _ f_l N
0'_ _ O0 0,,1 _'_ _.. D'-
0 _ eq ,._ _ 0,1 ,_'
O0 O0 '_ 0 _ '_0 Lr_
°r-_
0
_ o o o o o
_ _ _ L'"- O0 0'_
i 0 0 0 0 0 0 0
!
I
I
I _ CO _ _ N
e
un _ m m _ m um O_
D- O_ 0 0 0 _ OO
0 _ _ _ _ r._ _ ,-_
I
o
0
Z
_ m
D- O0 0 _. 0 0 _ _ 0_
0 0 0 0 0 0 0 0
_ e_ e_ _ 0 _ 0
N o,I o_ 0_ or) _ o_ e_
0 0 0 0 0 0 0 0
_ N _0 o
o _ _ _ o_
o _._ o0 o_ o_
0 0 0 0 0
0 '_ 0 _ _
0 _ _ 0,1 0 x
o'_ _ _ 0 _ 0
0
E_
Z
0 o _r_ i._ o o
m
o i._ ._ ,..o _ o0
o o 0 o o o
oO _ _ o o
_ _ _1_ _
_I_ _0 0_ or) ,._ N
O0 _ I_- _ _I_ O0
O0 _ _0 O0 I_-
0 0 0 0 0 0
_ !_- U_ ,_, ,_D
_r_ ,--_ _ _ L_ 0_
0 N 0,.I 0,.I O_ O_
0 0 0 0 0 0
?5
.r4
°_
>
)
!
eoeloo_etle6
m
_-d CO O0
OI CO GO
_1 o_
,r,_f
OI
Zl
o
t13
p,-
II
0
o ,
al
.-D,
II
N _ _ _ N _ _ _ _ _ _ _
_ _ _ _ _ _ _ O _ N _
_0_ __ _ _ _
_ _ _ _ _ _ _ _ N N N N
N 0,,I
,4D _0
__ _ O_ _
_0 _ __ _0
00 _ _0_ _ _ _ _ _ _ _
_ 0 _ _ _ _ _ _ _ _ _ _
oo oo
_ _ 0 _ _ _ _ _
000 O000 O0000_
_O_ N _ _ _
O _
0
0
0
_D
0
o
0
O
0
_o
o
_.o
0
,--4
?6
"U
0,-'1
.r-I
° 0
0
0
Z
u
0
L)
0
"U
0
u
0
u
_Z
r_
>
°,'-4 I
• ,-.I !
• _'1 I
o
o
o
II
,.--4
°,--I
0
o
o
II
r,,
0
i 0
iC
r_
III
I
oo co
_ o o_ _ _ o o _ o_
o o
o0 o0
o_ o o 0_ o_0
eeleoeeoeea
_ _ _ _ 0 _ _ _00_
_ _ N N N N N N NN N
o i
Ol
_4
0
o
_D
II
O O
o _ _ o o o_ o_ o
eeoeoooo0oo
_ _ _ __0_
I
O o
e_ e_
e_l m
_ o o_ _ _ o o _ o_
oe_ee_e •
77
o _ o _ o_ O_ o_ o
0
o0 o0
o0 oo
_ o o _ _ _ o o _ o_
_o _ _ _ __
O_ o _ o _ o _ o_ o
blJ
0
k
,._
k
0
k
4
I
_o:._. 4_,6 o:.44
o • o
i i i i i N i l i i i I i i l i _ i I i l
;]I
L)
]I
, , , _ , -: -7 . . "7 , "7 "7
r,- ao o", o _ _
,-0 ,,0 ,,,0 ,,0 t'- (:_
0 0 0 0 0 0 0
?8
m , ,_ , ,3
i i i i i I i i i i
v
_o _'_ un _oO e_ o oo oO
_ _ I_- _ I_- .-_ _ _e_
i i i i (_ i i _-i | i i i i | N i i
_ ,_ ,_
Q;
0
,,0
:>o :
_00 000 00_ 000 000 000 _0
000 000 000 000 _00 000 _
000 000 000 000 000 000 _
Z Z Z Z Z"__, _' _, -;, _ _' ,_ ,
0 0 0 0 0 0 0
79
0i i i i I h i i i i i i i i h i i I I _ I I 0
O0 _D ,-_ _ ,-_ Cr, I_- .--__t_ 00 O'- 0_, xO _ O xD _ O O_I _ i_"
_I _ _I' _ _ _ "d' _ _' _ _ _ _ _ "d'
-_ -: ._ __ , _ , _ ,i i i
°
o O O O O O C_ O
.80
¢)
0
u
,,0
,#
[.-t
3 ,#
I_-
I_- N un
0"- "_ o
,._ o N
m _ ,m_ _I_ m mN t_l
:1
.o _
_l _ _ "_ _ "_ "
I I _1_
_ N N
mom
0,1 _1 r,1
-
oO o
0 _. o0
o_
! i 0_, i i o_
_ ,,0 U_ _ I"_
un ',_ '_'* aO ,.O u'_
i i
0 o
o I'- u'_
o
81
0k
,Eo
U
,el
0
¢;
D-
¢J
oO 0". _. a0 o "-" .-4 0O (_1 00
• • . . . . .
_-_1 o o o @ o o o o o o o o
• _ (_. 0 _. 0 _ _1 _ 0 _" t _"
_ _ "
0 u_ 0 0 0 0 0 0 0 0 C:, 0
0"
._ 0 0 0 0 "0 C:, 0 0 0 0 _ 0
_[ 0 0 0 0 0 0 0 0 0 0 0
_ t_ _ _ O0 '_ _ _O 0 _. _ t'_
o o _ _ o o c_ c; o o c; ._ c;
0" Or- 0 0 0 0 "-_ "_
82
Q;
0
t'-
• o o
• . °
!
e_
N _" _ 0 _ ,JD u_ 0 ,"4 _ I_.
0_ _ O0 ,,0 _ 0 _ _ _ e_ _ 0
I 09 _ 0 _0 N 0 CO u_ N u'_ ur_ 0_,
• _ _,_1 "_-
83
Table 4.8 Results of Computer Solutions of Equation [ 4.2-2]
Using Hydrogen Thermodynamic Data.
Cavity
length used
m n p S.D. _
Nominal 1 .55
Nominal . 55
Nominal .555
Nominal .55_c
Nominal .555
Nominal .55
Nominal -3.52
Estimated 2 .555
Estimated .555
Estimated .55
Estimated -2. 938
- 278
-. 1655
- 1655
- 3Z6
- 308
- 348
- 165,
- 306
- 288
- 3O6
•5m Z. 223
•55 .583
•57 .628
•8555 .665
.8555 .568
•732 .562
•554 .379
•8555 .604
•8555 .498
•71 .489
•54 .346
1 - Nominal cavity length obtained from movie films.
2 - Cavity length obtained by extrapolation of cavity pressure measure-
m ent data.
- Denotes exponents held constant in computer fit program.
_'*- Denotes exponents obtained from reference [ 13].
- Standard deviation, where N = number of data points, B = B ob-
t
mined from theory [13], and B is computed from equation [4.2-2].
Equation [4.2-2]: B = (B)ref _- ref_- k,_ff<v(_Xref_;Vo j._P
o, ref
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Table 4.9 Results of Computer Solutions of Equation [ 4.2-2]
Using Nitrogen Thermodynamic Data.
Cavity
length used
m p
S'D'_ =_/(I/N)_(B- Bt)2
Nominal 1 .5_
Nominal . 5_
Nominal .5_
Nominal -1.22
Nominal 0_
Nominal O_
5_c .545
8 5_* .671
384 .533
492 .498
85_ .644
414 .517
_
Equation [4. Z-Z] :
Nominal cavity length obtained from movie films. The exponent
n does not appear in these data, as only one cavity length (3-1/4
inches) was used in the nitrogen tests.
Denotes exponents held constant in computer fit program.
Denotes exponents obtained from reference [ 13].
Standard deviation, where N = number of data points, B = B ob-
t
tained from theory [ 13], and B is computed from equation [ 4.2-2].
m Xrefn V, refh o
o, ref
e
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